The microstructural evolution of Ti 1-x Si x cathode surfaces (x=0, 0.1, 0.2) used in reactive cathodic arc evaporation has been investigated by analytical electron microscopy and x-ray diffractometry. The results show that the reactive arc operated in N 2 atmosphere induces a 2-12 μm thick N-containing converted layer consisting of nanosized grains in the two-phase Ti and Ti 5 Si 3 cathode surface. The formation mechanism of this layer is proposed to be surface nitriding and redeposition of macroparticles formed during the deposition process. The surface roughness of the worn Ti 1-x Si x cathodes increases with increasing Si content, up to 20 at%, due to preferential erosion of Ti 5 Si 3 .
I. Introduction
Cathodic arc evaporation (CAE) is a commonly used physical vapor deposition technique for hard coatings, e.g., as wear resistant coatings on cutting tools. In general, cathodes are fabricated from sufficiently conductive materials, such as pure metal or metal alloys. In the case of hard coatings, pure Ti was initially employed to produce TiN coatings in the early 1970s 1 . Ti alloys are subsequently used to deposit TiN-based ternaries, such as TiAlN [2] [3] [4] [5] [6] [7] , and more recently quarternary coatings, such as TiAlSiN 8 . It is widely acknowledged that when evaporating from a pure metal cathode in a reactive N 2 atmosphere, a compound layer forms on the surface of the cathode, which can significantly influence the deposition process [9] [10] [11] [12] [13] [14] [15] .
However, the nature of this compound layer has not been characterized beyond establishing the presence of N in the surface.
For reactive CAE, Boxman et al. 15 suggested that the nitriding effect of a Ti cathode surface when operated in a N 2 atmosphere results in less metal ions in the plasma and a different erosion rate compared with a pure Ti surface. Coll et al. 16 proposed an empirical model for the so called "poisoning effect" of nitrogen based on reaction kinetics and energy balance, and qualitatively discussed how it influences the CAE process conditions in terms of the evaporation rate, deposition rate and formation of macroparticles (also known as droplets). Similarly, Kim et al. 14 attributed the reduced erosion rate to the presence of TiN on the cathode surface.
Aksenov 17 and Kühn 18 qualitatively confirmed the presence of nitrogen on Ti cathode surface by XPS and RBS, respectively. Hovsepian et al. 19 [22] [23] [24] . In Ti-Si-N ternary system, there is no stable ternary Ti-Si-N compound 25 , but several Ti-N, Si-N, and Ti-Si binaries. Hence, the nitriding effect of a Ti-Si cathode, i.e., the formation of a converted layer (we name it converted layer in our work to distinguish it from the cases when the cathode itself is a compound) during a reactive CAE process, will yield a multiphase microstructure. Since each phase has its own evaporation characteristics, it is expected that the very formation of a converted layer will influence the as-deposited coating composition, microstructure and properties.
However, no report referring to the surface evolution of Ti-Si alloyed cathode and its influence on the reactive CAE process has been found.
The present work concerns the evolution of microstructure and composition of Ti 1-x Si x (x=0, 0.1 and 0.2) alloy cathode surfaces during a reactive arc process. The samples cut from the cathode surfaces were investigated by x-ray diffractometry (XRD), scanning electron microscopy (SEM) and analytical transmission electron microscopy (ATEM), wherein focused ion beam milling (FIB) was used to prepare TEM cross-sectional samples. The results show that the N 2 reactive arc process induces a converted layer covering the cathode surface, which differs in microstructure and composition from the virgin material. A model for the formation of this converted layer is also presented.
II. Experimental
Powder 
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A. General features of the Ti 1-x Si x cathodes
FIG. 1. Grazing-incidence x-ray diffractograms of the cathode surfaces with different Si content: (a) virgin cathode and (b) worn cathode.
B. Ti cathode worn by reactive cathodic arc evaporation
A cross sectional SEM micrograph of the worn Ti cathode surface is shown in 
FIG. 5. (a) and (b): cross-sectional SEM micrograph of a worn Ti 80 Si 20 specimen prepared by fracturing: (a) low magnification of the cross overview and (b) high magnification micrograph of the compound layer. (c): cross-sectional SEM micrograph of a worn Ti 80 Si 20 specimen prepared by chemical etching, and element distribution by using EDX mapping for (d) Si and (e) Ti.
FIG. 7. (a) STEM micrograph from the crater rim of 20% Si-containing cathode, (b) EDX elemental map of Si K α , (c), and (d) EELS maps of Ti and N.
The EDX elemental maps in figure 8 
IV. Discussion
The results show that a converted layer forms on the Ti 1-x Si x cathode surfaces during reactive arc evaporation in a N 2 atmosphere. This converted layer ranges from 5-12 μm in thickness for x=0 to 2-4 μm for x=0.2. The surface consists of numerous laterally overlapping craters, which are shallow and bowl-shaped with raised outer We suggest that the existence of nitrided grains in the converted layer is a result of ejected and buried macroparticles on the surface in the presence of the reactive N 2 gas. During the reactive arc evaporation process, the cathode surface is subject to impingement of N-containing ions, atoms, and molecules at a high rate. The time to form one N-monolayer at the working pressure of 2 Pa N 2 is about 1.5×10 -4 s.
Hence, we infer that the entire cathode surface is continuously covered with N during the evaporation. Moreover, according to Rosén et al. 29 , N + ions account for 30% of the entire plasma which is evaporated from a pulsed Zr cathode in the reactive N 2 gas.
Similar conditions are expected in this study, e.g., the plasma is rich of activated N + ions. As illustrated in figure 9(a) , the cathode spots are in a molten state during its lifetime due to the extremely high temperature 30 . The dense plasma in front of the cathode spots generates a high pressure, which exceeds atmospheric pressure by orders of magnitude (0.5 GPa) 31 . The high pressure induces splashes of the molten liquid and macroparticles forms, some of which emit towards the substrate and are embedded in the coatings, while others are redeposited in the vicinity of the crater 32 .
Such particles are rapidly cooled and solidify at the crater rim, forming 
FIG. 9. Schematic illustration of the nitriding mechanism: (a) cross section of a cathode spot; (b) top view of the overlapping cooled cathode spots.
In the case of the Si-containing cathodes, the Ti-Si-N ternary system must be taken into account. According to Sambasivan et al. 28 , the general effect of highly activated nitrogen in the Ti-Si-N ternary system is stabilization of compounds and solid solutions of higher silicon contents by producing a nitrided titanium phase. In our case with the extremely high temperature prevailing in the arcing region of the cathode surface, the nitrogen either serves to react with the airborn Ti macroparticles 
V. Conclusion
In this work, a combination of FIB and TEM-EELS/EDX characterization methods has enabled the investigation of the microstructural status of the worn Ti-Si cathodes surfaces. The results show that:
For Ti 1-x Si x cathodes (x=0, x=0.1, and x=0.2), a nitriding multiphase layer forms on the surface when used in a N 2 reactive atmosphere. The converted layer ranges from 5-12 μm in thickness for x=0 to 2-4 μm for x=0.2 and consists of Ti, TiN, Ti 5 Si 3 , and Si 3 N 4 . Therefore, the discharging occurs from a surface that is dynamically different than the virgin material.
The nitriding mechanism of the converted layer is by a function of the nitrogen reacting with ejecting macroparticles which are subsequently buried in the cathode surface.
No N-content-gradient appears in the converted layer, instead N-containing grains are formed and dispersed in the layer.
Selective erosion occurs in two-phase alloyed cathodes, inducing a rougher surface, which also may influence the composition evolution of the plasma. 
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